(2-3) Afforestation has been proposed as an effective tool for protecting primary and/or secondary forests and for mitigating atmospheric CO2. However, the dynamics of primary productivity differs between plantations and natural forests. The objective of this work was to evaluate the potential for carbon storage of a commercial pine plantation by determining its carbon balance. Measurements started when trees were aged 6 and ended when they were older than 8 years. We measured CO2 and water vapor concentrations using the Eddy covariance method. Gross primary productivity in 2010 and 2011 was 4290 ± 473 g C m -2 and 4015 ± 485 g C m -2 , respectively. Ecosystem respiration ranged between 7 and 20 g C m -2 d -1 , reaching peaks in all Februaries. Of the 30 months monitored, the plantation acted as carbon source for 21 months and as carbon sink for 6 months, while values close to neutrality were obtained during 3 months. The positive balance representing CO2 loss by the system was most likely due to the cut branches left on the ground following pruning activities. The plantation was subjected to pruning in January and September 2008 and to sanitary pruning in October 2010. In all cases, cut branches were not removed but remained on the ground. Residue management seems to have a very important impact on carbon balance.
Introduction
Land use change is highly responsible for the increase in the concentration of greenhouse gases (GHGs) in the atmosphere, thus having an important impact on the regional climate (Strengers et al. 2010 , IPCC 2014 . The growth of the world's population has increased the demand for agricultural land, leading to more pressure on forests. These are estimated to store about 45% of the terrestrial carbon, contributing to 50% of the net primary production (Sabine et al. 2004) . Therefore, the reduction of forests is expected to dramatically impact the balance of atmospheric CO2. Mid-latitude forests are among the most modified ecosystems over the last century, but current land-use change models predict increased over-exploitation of tropical forests (Voldoire 2006) . The conservation of forest resources appears as a reasonable option for mitigating the concentration of greenhouse gases (GHGs) in the atmosphere (Nabuurs et al. 2007 , McKinley et al. 2011 . Afforestation has been proposed as an effective tool for protecting primary and/or secondary forests and for mitigating atmospheric CO2 levels (Shvidenko et al. 1997 , Peichl et al. 2010 , Korkanç 2014 .
The dynamics of primary productivity in plantations differs from that of native forests, as it depends on the age of the stands, the species planted, soil type, climate and management practices (Paul et al. 2002) , while that of native forests depends directly on the age of the trees (Noormets et al. 2007) . Plantation stands are capable of producing high biomass yields, but they are exposed to continuous disturbances (e.g., field preparation, fertilization, weed control, thinning and harvest) which may possibly affect CO2 uptake. Only a few studies conducted in forest systems have included large woody debris such as branches in the analysis of carbon flux because of their low decomposition rate (Chambers et al. 2000) . Overall, commercial plantations have been less studied than natural forests. Noormets et al. (2012) reported high values of gross productivity, and high values of soil and litter respiration in a 25 years-old pine plantation. Paul et al. (2003) found that carbon losses occur within the first 10 years after the establishment of the plantation, while 30 years are required to restore the initial levels. The impact of afforestation on the global carbon budget has become increasingly important due to the expansion of plantation areas. McKinley et al. (2011) estimated that plantations are responsible for 50% of carbon uptake by forests of USA.
The estimation of carbon balance in plantations is a challenge because of the slowness of soil cycling processes, the spatial heterogeneity of soils and the low rate of tree growth. The eddy covariance technique allows direct estimation of the exchange of matter and energy between an ecosystem and the atmosphere (Aubinet et al. 2000 , Baldocchi 2003 . It is used to measure net ecosystem CO2 exchange (NEE), even for short periods of time, providing information on entire ecosystems over surface areas of the order of hundreds of square meters (Schmid 1994) . Moreover, this is a highly robust method because fluxes are obtained almost continuously on timescales ranging from half hours to multiple years. Globally, over 500 eddy covariance flux towers are currently operating (http://www.fluxnet.ornl.gov/). Most of these are located in the United States and Europe, while countries of the Southern Hemisphere are poorly represented. Furthermore, the forests sites included in the Fluxnet network often correspond to native forests undisturbed or undergoing restoration.
The present study reports eddy covariance measurements carried out during the first rotation of a commercial pine plantation. Measurements started when trees were 6 years old and lasted for 2.5 years. The plantation was subjected to pruning in January and September 2008, and to sanitary pruning in October 2010. In all these occasions, cut branches were not removed from the ground. Our main objective was to determine the net ecosystem CO2 and water vapor exchange to assess the potential of the pine plantation for carbon storage, in the context of residue practices.
Material and methods

Study area
The study was conducted in a commercial 
Instruments
Instruments were installed on a 32-m fire surveillance tower at 18 m above the ground and at 6 m above the canopy. The tower is property of Forestal Bosques del Plata S.A. (http://www.bosquesdelplata. com.ar). We used a 3-D sonic anemometer (CSAT3 ® , Campbell Scientific, Logan, Utah, USA) for measuring wind speed in the three directions and sonic temperature, and a gas analyzer (LI-7500 ® , LI-COR, Lincoln, Nebraska, USA) for measuring the absorption of infrared radiation by gases (CO2 and H2O vapor) .
Data recorded were stored with a data acquisition system (CR3000 Micrologger ® , Campbell Scientific, Logan, Utah, USA). The anemometer and the analyzer were placed 20 cm apart. Net radiation was measured using a NR-Lite ® net radiometer (Campbell Scientific, Logan, Utah, USA), and photosynthetically active radiation (PAR) with a GaAsP ® photodiode (cavadevices.com, Buenos Aires, Argentina). Missing in situ data due to technical problems for short-term periods were obtained from the Down-welling Surface Shortwave Flux (DSSF) product, which is generated on the basis of satellite data (http://landsaf.me teo.pt/).
Raw data processing and correction procedures
Raw data from the sonic anemometer and the gas analyzer (three wind velocity components, sonic temperature and concentrations of CO2 and water vapor) were sampled at 20 Hz. For each variable, 36,000 data were averaged over 30-min time periods and then processed to calculate CO2 flux (FCO2, in kg m -2 s -1
). The calculation of CO2 fluxes is based on an equation derived by Webb et al. (1980 -eqn. 1): where T is air temperature (in K), md / mv = 1.6077 is the ratio of the molar mass of dry air (md) and the molar mass of water vapor (mv), and ρCO2, ρv and ρd are the densities of CO2, water vapor and dry air (in kg m -3 ), respectively. The equation assumes stationary and horizontally homogeneous conditions. We applied the corrections indicated in Tab. 1, i.e., synchronization between the sonic anemometer and gas analyzer, tilt correction to the vertical velocity measured by the sonic anemometer, conversion of sonic temperature data into air temperature data when needed, and covariance correction for the inclusion of all the frequencies of CO2 turbulent transfer. Raw data were processed and fluxes were calculated using the free software EddyPro (LiCor Biosciences, Lincoln, Nebraska, USA). Outlier cleaning and removal of data below the turbulence threshold were carried out with the free software R (http://www.r-project.org) and Visual Basic for Application (VBA) within a Microsoft Excel ® platform. The procedure to calculate NEE, GPP and respiration using the values measured is depicted in Fig. 1 . We used the model of Hsieh et al. (2000) to estimate the actual footprint of the measured fluxes. By applying this model, we calculated the distance from the sensors at which footprint contribution is maximum (Hmax) and the surface area including 80% of the footprint value to confirm whether the measured fluxes corresponded to the study area. Ecosystem evapotranspiration was calculated from the latent heat flux λE (in W m -2 ), following Foken (2008 -eqn. 2):
where λ (≈ 2.454 MJ kg -1 ) is the latent vaporization heat, which depends slightly on temperature, and E is the water vapor flux (in kg m -2 s -1 ) corresponding to the evapotranspiration rate, which can be expressed as (eqn. 3): iForest 9: 736-742
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Tab. 1 -Corrections applied to raw data recorded by the instruments of the measurement system.
Problem Correction method Bibliographic sources
Time lag between sonic anemometer and gas analyzer measurement Maximization of the covariances between the vertical wind velocity and CO2 and water vapor concentrations Aubinet et al. (2012) Sonic anemometer is slightly tilted, requiring correction of wind velocity measurements Rotation of the coordinate system and re-calculation of horizontal and vertical components of wind velocity Aubinet et al. (2000) , Wilczak et al. (2001) Measurement of sonic temperature -instead of air temperature-to calculate the CO2 flux with the equation of Webb et al. (1980) Estimation of air temperature and of covariances containing air temperature based on measurements of sonic temperature and air humidity Schotanus et al. (1983) , Liu et al.
Missing values of turbulence due to instrumental limitations point out the need of covariance correction Spectral correction of covariances considering turbulence frequencies that were not captured by the measurement system Kaimal et al. (1972) , Moore (1986) , Moncrieff et al. (1997) , Massman (2000) , Massman & Clement (2004) 
Carbon -3 ) and Ei is the water vapor flux measured for each of the 48 half-hours in a day.
Removal of CO 2 fluxes under low friction velocity conditions and data gap filling
The Eddy covariance technique requires turbulent conditions. The lack of turbulence is associated with low friction velocities (u*). The method described by Reichstein et al. (2005) was applied to determine the threshold value, using a moving window (± 14 days). During periods when friction velocity (u*) was below a threshold value, CO2 fluxes were removed from the data set. Data gaps were due to technical problems involving sensor calibration, maintenance of the experimental system, power failure and data acquisition failure. Gaps were filled according to the methodology proposed by Falge et al. (2001) and Reichstein et al. (2005) , and subsequently recommended by Moffat et al. (2007) . The half-hourly Net Ecosystem Exchange was calculated as the sum of CO2 fluxes and expressed on a daily, monthly or annual basis.
The uncertainty in estimates was calculated by applying the method of Hollinger & Richardson (2005) , which is based on the pairwise comparison between CO2 flux values measured within one day under similar meteorological conditions of solar radiation, temperature and wind speed. The gap-filling error was also estimated by first removing each CO2 flux record one at a time from the data set, applying the gapfilling methodology and then comparing the measured and calculated values. This procedure was repeated for each CO2 flux measured, thus obtaining a set of differences between the measured and calculated values. A histogram of these differences can be used to derive the standard deviation of the underlying distribution, in the same way as for the analysis of the random measurement error.
Ecosystem Respiration (R eco ) and Gross Primary Production (GPP)
We used an Arrhenius-like model to describe the dependence of respiration on temperature (Lloyd & Taylor 1994) . Ecosystem Respiration was calculated as follows (eqn.4):
where Reco is the Ecosystem Respiration (in mg CO2 m -2 s -1 ), T is the temperature (in °C), Rref is for T = Tref, E0 is a parameter related to activation energy (in °C), Tref is the reference temperature (= 10 °C), and T0 is a parameter set at -46.02 °C.
The methodology described by Reichstein et al. We can now calculate the Gross Primary Production (GPP) as follows (eqn. 6):
A conservative estimate of the error in Gross Primary Production (ΔGPP) is given by (eqn. 7):
Results
Mean air temperature during the study period ranged between 15.2 °C (June 2011) and 28.3 °C (January 2011). Solar radiation ranged between 32 MJ m -2 in summer and 13 MJ m -2 in winter. Accumulated rainfall for 2010 and 2011 was 1573 mm and 1516 mm, respectively, these values being similar to each other but lower than the climatological mean (Fig. 2) .
At the beginning of the study period (summer 2009/2010) we obtained the pattern of CO2 flux expected for a green ecosystem. The maximum values of instantaneous CO2 flux to the ecosystem were around -1.8 mg CO2 m -2 s -1 and nighttime respiration reached a peak of 1 mg CO2 m -2 s -1 (Fig. 3) . The minimum and maximum values of Ecosystem Evapotranspiration (ET) were obtained in June 2010 (mean daily ET of 1.4 mm) and January 2010 (mean daily iForest 9: 736-742 
iForest -Biogeosciences and Forestry
R= R ref ⋅e Posse ET of about 5 mm), respectively (Fig. 4) . . The evapotranspiration is calculated by using the latent heat flux measured in the pine forest between December 2009 and May 2012. The moving average line highlights the seasonal behavior of the evapotranspiration. bon sink). Ecosystem respiration was calculated with E0 = (344 ± 32) °C, which falls within the range reported by previous studies for other locations (Reichstein et al. 2005) . Ecosystem respiration ranged between 7 and about 20 g C m -2 d -1 , with maximum values in summer, as expected based on its dependence with temperature. In general, peaks were observed in February of both years, with only slight differences among the maximum values for the three summers (Fig. 5b) . Likewise, highest and lowest values of daily GPP were obtained for the summer and winter months, respectively (Fig. 5c) . The footprint analysis revealed that the point of maximum contribution of the footprint was at a distance of up to 144 m to the sensors, while 80% of the footprint value was within an area with a radius of 1294 m around the sampling point (Fig. 6) . These results confirm that the fluxes measured corresponded to the stands under consideration.
Discussion
The analysis of the GPP dynamics during our 2.5-year study shows maximum values in the summer months, mainly December. The highest instantaneous rates ranged between -2.5 and -3.0 mg CO2 m -2 s -1
, these values being similar to those reported for other areas. For example, Goldstein et al. (2000) obtained GPP values ranging between 3.3 and 4.0 mg CO2 m -2 s -1 for young ponderosa pine plantations in the Sierra Nevada Mountains, California. On the other hand, Coursolle et al. (2006) reported maximum NEE values of up to -2.0 mg CO2 m -2 s -1 for conifer stands of different age, while young forest stands had a remarkably lower NEE (about -0.25 mg de CO2 m -2 s -1 ). Net carbon gain is expected to occur in a forest, as reported for other forests of the world (Curtis et al. 2002 , Marino et al. 2005 . Many studies have recorded an increase in CO2 emissions after harvest without providing any information on their origin, while others found no effect. Covington (1981) and Yanai et al. (2003) estimated a carbon loss of 20% following tree harvest. Pruned branches left on the forest floor can be expected to contribute to soil carbon, but only as long as carbon fixation rate exceeds their respiration rate. Often, changes in temperature and humidity due to land work lead to changes in ecosystem respiration rates (Toland & Zak 1994 , Yanai et al. 2003 , Hagemann et al. 2010 .
However, some studies have also reported positive NEE values but the system acted as a net carbon source. For example, Cai et al. (2011) , who studied a hybrid poplar plantation on a former agricultural land in Alberta, Canada, found that the annual carbon balance shifted from a net source of 312 g C m -2 in year 1, to approximately Cneutral in year 5. Law et al. (2001) stated that ecosystem respiration in young stands may be higher than the NPP of the regrowth due to the decomposition of dead biomass from the previous forest generation. They compared net ecosystem production (NEP) between young (14 years old) and old (45/250 years old) pine stands in Oregon and found that the old stands gained carbon at a rate of 28 g C m -2 yr -1 , while the young stands lost carbon at a rate of 32 g C m -2 yr -1
. This indicates that the young stands did not yet reach the net sequestration capacity of the old ones. Our study area also experienced a drastic ecosystem alteration because the original ecosystem (natural grassland) was replaced by a plantation in 2003. We detected that the system acted as a carbon sink only during December 2009, January, September and October 2010, and April and November 2011.
It is probably that the high ecosystem respiration rates obtained in the study area resulted from pruning conducted prior to our measurements and from the sanitary pruning made during the course of this study in October 2010, after which a large amount of cut branches accumulated on the ground until they were subjected to decomposition, whose rate is expected to increase with time. It is reasonable to suppose that the remains of branches left on the ground increased the amount of soil carbon available for the ecosystem respiration. Noormets et al. (2012) found that respiration of plant litter lasted for 2 years, while heterotrophic respiration (from root remains) showed an emission peak at 3 and 4 years after harvest. In addition, they stated that part of the "old" soil carbon pool was respired, and that it took 4.5 years for the plantation to act as a carbon sink and 9.5 years to regain the carbon sink capacity after harvest.
Forestry also has a substantial impact on the albedo and the hydrological balance, in terms of evapotranspiration, water infiltration into the soil and water lost by runoff. These factors, which may account for major changes in local climate conditions iForest 9: 736-742 740 iForest -Biogeosciences and Forestry   Fig. 6 -Half-hourly frequency (a) of the distance between the flux tower and the footprint maximum and (b) of the distance between the flux tower and the point that represents 80% of the integrated footprint.
The footprint calculations were carried out with the footprint model of Hsieh et al. (2000) .
Posse and water availability downstream (Bonan 2008 , Nosetto et al. 2012 , should be taken into account when planning a major landuse change such as the one considered in our study, i.e., from grassland to plantation. In the study area, the dynamics of the river basin appears to be unaffected by forest stands because water is not a limiting resource.
Conclusions
In our study area, the estimated respiration rates resulted from the respiration of trees, soil microorganisms and soil carbon. The replacement of the original grassland by a pine plantation (e.g., removal of the original vegetation, land preparation) led to changes with long-term consequences. A large amount of cut branches resulting from pruning activities were accumulated on the ground and subjected to decomposition. As a consequence, the studied forest had high ecosystem respiration rates, up to 20 g C m -2 d -1 in summer. The decrease in GPP with time and the maintenance of ecosystem respiration rates cause NEE to increase with time, with positive values indicating carbon loss. Thus, the system acted as a carbon source in most of the months, in contrast to that expected for a forest system.
